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The performance of wireless data communication links for fully equipped firemen walking
indoor and communicating through textile patch antennas integrated into their clothing is
investigated. Diversity techniques are evaluated for fourth order receiver diversity. This
paper focuses on the dynamic channel estimation needed for communication between
a fixed base station and a moving fireman over a time-variant channel subject to the
multipath propagation in an indoor environment.
Introduction
Wearable textile systems are developed to enhance safety and security of rescue workers.
These systems collect data on the wearer’s life-signs and on his/her nearby environment,
which are then wirelessly communicated to a base station or to another rescue worker.
This off-body communication is valuable for firefighters operating in a building, however,
an indoor environment causes a fading channel where multipath and shadowing effects
make the signal levels fluctuate severely as a function of position.
The channel is also time-variant as the phase of the received signal can change signif-
icantly in a timespan of less than a millisecond. Nevertheless, the communication link
ought to be reliable as vital information is involved. The reliability of the link can be dra-
matically improved by using diversity techniques to combine signals received by different
antennas. In our measurements four circularly-polarised textile patch antennas are used.
Earlier measurement campaigns were performed in the same environment. These mea-
surements involve second-order receiver diversity [1] and fourth-order receiver diversity
using two dual polarized antennas [2]. Performing measurements in exactly the same en-
vironment and with the transmitter and receiver at the same locations allows a comparison
of different diversity systems.
The measurements presented describe an actual data transmission of quadrature phase
shift keying (QPSK) modulated data blocks, when applying diversity reception for a mov-
ing rescue worker. Transmitted bursts contain a 16 kilobit data frame during a timespan of
8 ms. The measured signals are sampled fully synchronously at high speed and high band-
width. Demodulation is performed using combining techniques on the received signals,
directly providing bit error rate information.
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Measurements
For the measurements presented, a firefighter’s outer jacket was equipped with four flex-
ible foam-based antennas, one in the front, one in the back and one on each shoulder.
The antennas are designed to operate in the 2.45 GHz ISM band, which corresponds to a
wavelength of about 12 cm, allowing to design antenna patches of a convenient size. The
antenna patch and the ground plane are manufactured out of e-textiles so that the system
can be integrated into the fireman’s jacket in a non obtrusive way. The integration of four
textile antennas into the firefighter’s garment is illustrated in Fig. 1.
Figure 1: Front (1), back (2) and shoulder (3,4) patch antennas integrated into the garment.
The measurements are performed in an indoor environment at Ghent University along
a path with non line-of-sight (NLOS) propagation, where previous research [1, 2] has
confirmed that multipath propagation is present and fading was characterized as Rayleigh
distributed. During the measurements with the walking person, the signal fluctuates due
to both small-scale fading and shadowing.
The path is situated at a distance of approximately 17 m from the transmitter and is ori-
ented perpendicular to the direction of the transmitter. It is obstructed by brick walls and
office equipment, causing fading and shadowing. The transmitted power is 100mW , to
obtain an accurate channel estimation.
Dynamic channel estimation
Due to the time-variance of the channels for the different antennas, the channel estimation
has to be adapted during the transmission of the data; this is performed using decision
oriented feedback.
The evolution of the complex narrow band channel estimates during the course of the
received bursts is studied in Fig. 2(a) and 2(b), showing the variation of their in-phase and
quadrature components over millisecond range time intervals. These graphs correspond to
different data bursts recorded in the same measurement series, performed with a walking
test person and recorded over a 8 ms time interval for each burst.
Fig. 2(a) corresponds to a nearly time-invariant channel, whereas Fig. 2(b) displays
a serious variation of the channel, which results in bit errors without dynamic channel
tracking present.
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Figure 2: Time-variance of the narrowband complex channel estimation values for the
four receiving antennas, displayed in the IQ plane for an 8 ms time frame.
Bit error rates after detection
The bit error rate obtained after combining, demodulation and detection is determined.
This is the most realistic figure of merit for the communication quality as it includes the
combination of path loss, shadowing, fading, noise, possible interference as well as chan-
nel estimation errors related to timing, frequency offset and phase for all four channels.
All these effects cannot be completely separated from each other.
To demonstrate the necessity of channel tracking for the communication with the walking
fireman, the demodulation has been performed twice; with and without channel tracking.
Fig. 3 displays the signal levels and bit errors with active channel tracking. For the
separate antennas bit errors sometimes occur, but after combining the four signals using
MRC, no errors are left.
Fig. 4 displays the results when demodulating without channel tracking. The channel
variation during the data frame produces many bit errors, even after MRC.
For comparison the BER values are also displayed in Table. 1.
BER for Channel tracking active
antenna nr. Yes No
1 0.0037 0.0528
2 0.0001 0.0526
3 0.0090 0.0838
4 0.0003 0.0563
SC 0 0.0385
MRC 0 0.0344
Table 1: Average bit error rates for measurements with and without channel tracking
applied. Listed for each receiving antenna and for Selection Combined (SC) and Maximal
Ratio Combined (MRC) signals.
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Figure 3: Signal levels and bit error rates with the channel tracking active.
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Figure 4: Signal levels and bit error rates without channel tracking.
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Correlation
The correlation between the signals for the four different antennas is studied in relation
to their position on the body. The results are displayed in Table 2. Antennas 1 and 2
correspond to the the front and back antenna, likewise 3 and 4 are the signals for the
shoulder antennas.
Antenna 1 2 3 4
1 1.0000 -0.0417 -0.1131 0.3788
2 -0.0417 1.0000 0.2321 -0.1570
3 -0.1131 0.2321 1.0000 -0.0586
4 0.3788 -0.1570 -0.0586 1.0000
Table 2: Correlation of the received signal’s envelopes for front (1), back (2) and shoulder
(3,4) antennas.
Because placing antennas on top of the shoulders proved to be impractical in a firefighter’s
suit, antenna 3 is placed on the back of the left shoulder and antenna 4 on the front of the
right shoulder.
For front and back signals the correlation is very low, hence using two antennas improves
the performance of the system a lot. The gain obtained by using front and back antennas
is not only related to fading, as the radiation pattern of the antennas is directional and the
front and back antennas each cover approximately a complementary hemisphere around
the body.
The correlation is higher for signals corresponding to antennas in position at the same
side of the body. However values below 0.7 are considered small enough to provide a
significant diversity gain.
The correlation values for antennas on the same side of the body are comparable with
the values calculated in earlier measurements with signals received using dual polarized
antennas [2].
Bit error rate characteristics
Bit error rate graphs for the different types of diversity are displayed in Fig. 5, for all four
receive antennas (1), the six possible combinations of two out of four antennas, grouped
as listed below (2 a-c); and the combination of all antennas (3).
The corresponding numbers are indicated in the graph.
2a) Two curves appear distinctively better. They result from combination of antennas
(1. front body, 3. back R shoulder) and (3. back R shoulder, 4. front L shoulder).
2b) One curve appears distinctly worse, this characteristic results from the combination
of antennas (1. front body, 4. front L shoulder). Some degree of correlation be-
tween these antennas is possible, as they are both on the front of the body. This
combination of antennas also resulted in the largest correlation c in Table. 2.
2c) The other curves correspond to the remaining three combinations. These curves are
close to the theoretical characteristic for Rayleigh fading channels.
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Figure 5: Bit error rate characteristics for varying orders of receiver diversity. Curve
groups from top to bottom in order of appearance in the legend.
Although a comparison of the effective diversity obtained by several antenna combina-
tions is certainly possible, the limited number of measurement points should be taken into
account. The graphs will not be very accurate for the lower bit error rates, especially in
areas where the downward slope of the measurement curve is steeper than the Rayleigh
curve for the actual order of diversity used.
Conclusions
We conclude that benefits of receiving with multiple antennas are manifest. The number
of bit errors is always lower when combining signals from different antennas. Maximal
ratio combining produces a lower bit error rate than selection combining. Furthermore,
the correlation between the signal levels confirms that the signals are complementary.
Using four antennas provides a better reliability of the communication link in a practical
situation compared to using only two antennas.
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